In this article, we demonstrated an exceptional palladium complex that exhibits both phosphorescence and delayed fluorescence for use as an efficient emitter in OLEDs. Devices employing PdN3N achieved external quantum efficiencies in excess of 22% and remarkable device operational lifetime to 90% initial luminance estimated at over 30,000 h at a practical luminance of 100 cd/m 2 . Further tuning of the phosphorescent and delayed fluorescent emission should have a great impact in the development of efficient and stable emitters for deep blue or white OLEDs.
INTRODUCTION
In recent years organic light emitting diodes (OLEDs) have widely impacted the commercial marketplace, with applications ranging from next generation displays to solid-state lighting. 1 This has been made possible as a result of the development materials and efficient OLED devices with emission profiles spanning the visible spectrum.
2 Despite the advancements made in the field of organic electronics, there remain a number of key hurdles that separate OLEDs from becoming a widely adopted technology. Among these hurdles is the development of efficient and stable blue emissive compounds.
3 While a small number of groups have demonstrated deep blue devices whose efficiency is on par with its "green" and "red" analogs, none of these reports provide an immediate solution because of their hindered device operational stability. 4 Additionally, the formation of triplet excitons is speculated to directly facilitate the dissociation of σ-bonds. This concept has been demonstrated on the Si-Si bond in polysilane materials as well as other material systems reinforcing the challenges of developing stable deep blue triplet emitters. 5 Assessing these shortcomings from the energy standpoint, the ideal approach entails the development of efficient blue emitters capable of harvesting all of the "blue" singlet and triplet excitons while having the triplet energy in the "green" or "red" region. This approach is beyond the reach of current blue fluorescent emitters, which cannot harvest triplet excitons, and green phosphorescent emitters, which cannot emit in the blue region. Thus a newly developed molecular design will be required to clear this hurdle.
Over the past few decades the detailed mechanisms for harvesting electro-generated excitons inside organic electroluminescent devices has been extensively studied and well documented. 6 For typical florescent emitters their main radiative decay process is through the fluorescent pathway while the phosphorescent pathway is suppressed due to its symmetry forbidden character. Alternatively cyclometalated Ir and Pt complexes exhibit a rapid phosphorescence process that results from fast intersystem crossing due to strong spin-orbit coupling. This allows them to harvest both electro-generated singlet and triplet excitons, resulting in a theoretical 100% electron to photon conversion efficiency.
7
Recent studies on carbazolyl-dicyanobenzene derivatives and copper(I) based metal complexes has characterized them as thermally activated delayed fluorescent emitters.
8 These emitters are capable to harvest both electro-generated singlet and triplet excitons while exhibiting high emission quantum yield at room temperature.
9 Figure 1 illustrates the energy transfer processes for TADF emitters. When the lowest triplet excited state (T1) and the lowest singlet excited state (S 1 ) share similar energy levels, the triplet excitons are capable of radiative decay though both intersystem crossing (T 1 →S 1 ) and delayed fluorescence (S 1 →S 0 ). As a result this materials can exhibit higher energy emission while having a triplet energy that is comparably lower, this leads to emitters compatible with known stable host and transport materials unlike many deep blue Ir or Pt emitters. 10 Nonetheless, this is an endothermic process and a portion of the triplet excitons will decay non-radiativly due to the absence of an efficient phosphorescent emission pathway. 11 This results in TADF emitters only being able to achieve high efficiencies for very small S 1 -T 1 energy gaps. In this article, we will demonstrate another mechanism of utilizing electro-generated excitons, this process is denoted as metal-assisted delayed fluorescence (MADF), where a heavy metal ion will be incorporated into the complex system to ensure both efficient phosphorescence and delayed fluorescence processes. As proposed in Fig. 1 , when the energy levels of the T 1 state and the S 1 state are reasonably close, the two radiative decay process, i.e. phosphorescence (T 1 →S 0 ) and thermally activated delayed fluorescence (S 1 →S 0 ) can potentially occur simultaneously, enabling dual emission pathways. Due to its efficient triplet emission process, the MADF emitters can harvest all of singlet and triplet excitons regardless of a larger energy difference between the T 1 and S 1 states.
We have synthesized and characterized one green emitting palladium complexe, i.e. PdN3N, which exhibit both efficient phosphorescence and delayed fluorescence processes. Devices of PdN3N achieved over 22% peak external quantum efficiency (EQE) and also demonstrated remarkable device operational stability to 90% initial luminance (LT 90 ) estimated at over 30,000hrs at 100 cd/m 2 .
PHOTOPHYSICAL STUDIES
The absorption spectra for PdN3N as well as the N3N ligand are shown in Figure 2 . 13 Both the complex and ligand exhibit very strong absorption bands below 400 nm (ε > 10 4 cm -1 ) assigned to 1 π-π* transitions, localized on the cyclometalating ligands. The small shift to lower energy of these transitions in the complex is attributed to the preferable planar molecular geometry of the ligand when covalently bonded to the Pd ion as well as the anionic nature of the ligand in the complex. The intense bands in the 400-500 nm region (ε≈ 10 3 -10 4 cm -1 M -1 ) are red shifted relative to all the absorption bands attributed to the ligand and are assigned to singlet metal to ligand charge transfer ( 1 MLCT) transitions.
The 77K emission spectrum shows a narrow primary emission peak at 522 nm with the small vibronic peaks characteristic of many phosphorescent emitters. The emission at 522 nm is attributed T 1 →S 0 transition on the basis of the large Stokes shift from the absorption cut-off. This has a longer wavelength than many existing phenyl-pyridine based complexes due to its extended conjugation through the carbazole units.
14 At room temperature (300K) the dominant emission peak is slightly red shifted to 534nm and significantly broadened as is typically seen at elevated temperatures for most phosphorescent emitters. Unlike previously reported heavy metal phosphorescent complexes, a shorter wavelength peak appears (~505 nm) at the elevated temperatures indicating the presence of a thermally activated emission process. By comparing the absorption and emission spectra of this complex, the higher energy emission process can be attributed to a S 1 →S 0 transition (fluorescence) on the basis of the relatively small stokes shift. The delayed fluorescent nature of this thermally activated emission peak is further supported by the comparable phosphorescent lifetimes of 142µs and 145µs when measured at detector wavelengths of 530nm and 485nm respectively. Thus, this demonstrates the existence of both phosphorescence and thermally activated delayed fluorescence within the single emitter.
In order to model the relative phosphorescent and fluorescent contributions to the emission, Gaussian oscillators were fit to the emission spectrum on a linear energy axis. The phosphorescence was fit with three transitions: v 0-0 being the highest energy and the highest intensity, v 0-1 being the first vibronic progressions and v 0-2 being the second vibronic progressions as is characteristic for many aromatic cyclometalated Pt complexes. 15 The shoulder attributed to fluorescent emission was fit with a single oscillator. The ratio of the fluorescent emission peak to the v 0-0 phosphorescent transition is 0.56 and fluorescence is estimated to be responsible for roughly 25% of the total emission but more measurements are necessary to definitively determine this contribution. In the inset to Figure 2b , a CIE plot showing the approximate emission color of either pure phosphorescence, fluorescence, or the combination of the two. The dramatic shift in the CIE X values for the pure fluorescent emission highlights the value of the relatively large T 1 -S 1 gap to achieve blue emission from an emitter with triplet energy in the "green" region. Further materials development of MADF emitters to increase the emission energy or increase the fluorescence to phosphorescence ratio is of the utmost importance for this goal. To explore the origins and characteristics of the MADF, PL spectra as a function of temperature was measured for PdN3N, shown in Figure 3 . The designed compound can be described as containing two parts: a C^N cyclometalating ligand containing the pyridyl-carbazole portion of the molecules and the donor-acceptor (D-A) -portion of either cabazole-phenoxyl-pyridine or carbazole-carbazolyl-pyridine. The triplet state consists mostly of the lower energy C^N portion of the molecules which is localized on the pyridyl-carbazole and as such the phosphorescent peak at 77 K is approximately PdN3N (522 nm). As temperature increases the thermally activated delayed fluorescence peak increases in intensity relative to the phosphorescent peak. 
DEVICE PERFORMANCE
To explore the device performance of this novel MADF emitter, OLED devices were fabricated on glass substrates pre-coated with a patterned layer of indium tin oxide (ITO) to serve as the transparent anode for the structure ITO/HATCN(10 nm)/NPD(30 nm)/TAPC(10 nm)/6% dopant: 26mCPy (25 nm)/DPPS(10 nm)/BmPyPB(40 nm)/LiF/Al where HATCN is 1, 4, 5, 8, 9, NPD is N,N'-diphenyl-N,N'-bis(1-naphthyl)-1,1'-biphenyl-4,4"-diamine, TAPC is di-[4-(N,N-di-tolyl-amino) -phenyl]cyclohexane, 26mCPy is 2,6-bis(N-carbazolyl) pyridine, DPPS is diphenyl-bis[4-(pyridin-3-yl)phenyl]silane, and BmPyPB is 1,3-bis [3, 5-di(pyridin-3-yl) phenyl]benzene, this architecture will be referred to as structure one. 16 The EQE is shown in Figure 4 with the electroluminescent spectrum inset. The EQE of PdN3N peaked at 20.9%, which is among the highest achieved for any Pd complex and is comparable to many of the Ir and Pt analogs in a similar device setting. 17 One apparent drawback to devices employing these complexes is the large efficiency roll off at higher luminance dropping to 14.3% at 100 cd/m 2 . This is attributed to a combination of poor charge balance due to the poor electron transporting properties of DPPS and the long phosphorescent lifetime of 142μs. This issue can be addressed through improved charge balance or by improving the spontaneous radiative decay rate as has been demonstrated previously employing more advanced structures such as plasmonic nanostructures or microcavities. The electroluminescent characteristics show both fluorescent and phosphorescent emission in the devices. PdN3N devices showed a delayed fluorescence peak of approximately 30% of the phosphorescence peak height but the color was still dominantly from the green phosphorescent emission spectrum with CIE (0.30, 0.61). The high emission efficiency despite the moderate T 1 -S 1 splitting, highlights the benefit of MADF emitters over their organic TADF counterparts. Excitons that would otherwise be unable to overcome the S 1 -T 1 energy barrier can still emit through the efficient phosphorescent radiative pathway. Furthermore, alterations to the molecular structure can be used to adjust the relative height of the delayed fluorescence peak and shift the phosphorescent emission profile leading to even more ideal spectra.
In order to further explore the potential application of this Pd based MADF complex as stable emitter, two PdN3N devices were fabricated using known stable materials, structure two is ITO/HATCN (10 nm)/NPD (40 nm)/10% PdN3N: CBP (25 nm)/BAlq (10 nm)/Alq (30 nm)/LiF/Al where CBP is 4,4'-bis(N-carbazolyl) biphenyl, BAlq is bis(2-methyl-8-quinolinolato) (biphenyl-4-olato)aluminum and Alq is tris-(8-hydroxyquinoline) aluminum. 19 Structure three is ITO/HATCN (10 nm)/NPD (40nm)/Tris-PCz (10nm)/6% PdN3N: CBP (25nm)/BAlq (10nm)/BPyTP (40nm)/LiF/Al where TrisPCz is 9,9′,9″-triphenyl-9H,9′H,9″H-3,3′:6′3″-tercarbazole and BPyTP is 2,7-di(2,2′-bipyridin-5-yl)triphenylene. The device performances of these structures are crucial to determining the viability of MADF complexes as a potential solution to high-energy stable emitters. Structure 2 exhibits a drastic reduction in device efficiency as a result of poor charge confinement and hindered electron mobility. Despite this drawback we demonstrated exceptional accelerated lifetime. The device was driven at a constant current of 20 mA/cm 2 corresponding to an initial luminance of approximately 1700 cd/m 2 . The lifetime to 90% of the initial luminance at these elevated conditions was 170 h which translates to over 20,000 h at 100 cd/m 2 using the conversion equation
1.7 . 20 Structure 3 address the shortcomings of the previous devices by implementing an electron blocking layer to confine excition recombination and by using an improved electron transport material. The EQE peaked at 22.1% exceeding the previous demonstration of efficiency. Additionally the high roll-off observed in structure one has been improved, the device maintained 17% EQE at 100 cd/m 2 . Finally under accelerated decay at 20mA/cm 2 and the initial luminance of approximately 3300 cd/m 2 exhibited a lifetime to 90% of the initial luminance of 78 h which translates to over 30,000 h at 100 cd/m 2 . 
CONCLUSIONS
In this article, we demonstrated an exceptional palladium complex that exhibits both phosphorescence and delayed fluorescence for use as an efficient emitter in OLEDs. Devices employing PdN3N achieved external quantum efficiencies in excess of 22% and remarkable device operational lifetime to 90% initial luminance estimated at over 30,000 h at a practical luminance of 100 cd/m 2 . Further tuning of the phosphorescent and delayed fluorescent emission should have a great impact in the development of efficient and stable emitters for deep blue or white OLEDs.
